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ABSTRACT
Laser disdrometersmeasure the particle size distribution (PSD)of hydrometeors through a small cross-sectional
(tens of square centimeters) surface. Such a limited area induces a sampling effect in the estimates of the PSD,
which translates to error in the reflectivity–rain-rate (Z–R) relationship used for ground radar estimates of rainfall,
estimates of kinetic energy of precipitation, and any other hydrometeorological application relying on particle size
information. Here, the results of a dedicated experiment to estimate the extent of the effect of limited area
sampling of rainfall are presented.Using 14 Parsivel, version 1 (Parsivel-1), disdrometers placedwithin 6m2, it was
found that the combined area of at least seven disdrometers is required for the estimates to start converging to a
stable value. The results can be used to quantify the degree of over-/underestimation of precipitation parameters
for a single instrument due to the limited collecting area effect. It has been found that a single disdrometer may
underestimate instantaneous rain rate by 70%.
1. Introduction
Direct estimates of the particle size distribution (PSD)
are required for a variety of hydrological studies, for in-
stance, for precise water resources assessment (Lee and
Zawadzki 2006; Ten Veldhuis et al. 2014), soil erosion
analyses (Winder and Paulson 2012; Salles et al. 2002;
Petan et al. 2010; Lim et al. 2015), and in remote sensing
of precipitation from space (Bringi et al. 2003; Gorgucci
et al. 2001; Thurai et al. 2010; Liao et al. 2014). The re-
lationship between the reflectivityZ and rainfall rate R is
the basis of rainfall estimation using single-polarization
radar. The a prefactor and the b exponent in theZ5 aRb
formula are derived by a log–log regression of coincident
estimates of instantaneousZ andRover a period (Marshall
et al. 1955; Battan 1973). Verification of this relationship
requires good measurements of the PSD.
For dual-polarimetric instruments, the PSD is still
required, as the differential reflectivity Zdr and, to a
lesser extent, the specific differential phase Kdp still
depend on the PSD and assumptions on the shape of
the distribution have to be made (Gorgucci et al. 2002;
Chandrasekar and Bringi 1988; Xiao and Chandrasekar
1997). Therein, pointwise estimates of precipitation are
still needed to calibrate and verify both ground and
spaceborne radars such as the TRMMPRor theGlobal
Precipitation Measurement (GPM) Dual-Frequency
Precipitation Radar (DPR).
Measurements from disdrometers (from distribution
of dropsmeters) are deemed themost direct estimates of
the PSD. This kind of instrument has been proved cru-
cial for several aspects of hydrological science. Thus,
disdrometers have been employed to analyze the mi-
crostructure of rain events (Jameson et al. 2016;
Ignaccolo et al. 2009), including its spatiotemporal
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structure in 3D (Gires et al. 2015); characterize the
PSD in flood events (Friedrich et al. 2016); delineate
flood areas (Beauchamp et al. 2015); assist radars to
estimate the spatial correlation of the PSD (Bringi
et al. 2015; Thurai et al. 2012); develop new algorithms
(Anagnostou et al. 2013); verify quantitative pre-
cipitation estimates from weather radars (Bringi et al.
2011; Gourley et al. 2009); perform hydrological vali-
dation of nowcastings (Berenguer et al. 2005); study radio
signal propagation (Montopoli et al. 2008; Watson and
Hodges 2009); and carry out error analysis at catchment
scale (Jordan et al. 2003).
Laser disdrometers measure the PSD of liquid and
solid hydrometeors using a collimated, flat laser beam of
negligible width and small cross-sectional area. The ac-
tual size depends on the manufacturer, but it is on the
order of tens of square centimeters. Thus, for instance,
Parsivel, version 1 (Parsivel-1), disdrometers have a
180mm 3 30mm area (54 cm2), Thies’s disdrometer
(Frasson et al. 2011) has a 228mm3 20mmarea (46 cm2),
and the optical-spectro pluviometer (OSP; Hauser et al.
1984) has a 250mm 3 40mm area (100cm2). Another
type of disdrometer, the Joss–Waldvogel disdrometer
(JWD; Löffler-Mang and Joss 2000), has an area of about
50 cm2, whereas 2D video disdrometers (2DVDs; Kruger
andKrajewski 2002) are in the range of 100 cm2. Infrared-
light-emitting-diode-based Optical Disdrometer Measur-
ing unit (ODM470; Lempio et al. 2007) has a 26.4 cm2
cross-sectional area.
Such limited areas introduce a bias in the estimation
of precipitation parameters such as radar reflectivity and
total rainfall, which are directly derived from the PSD.
Even allowing for the (somehow strong) ergodic hy-
pothesis, small accumulation intervals mean a bias
against large, less-frequent drops. Small intercept area is
not the only source of error, however. For the case of the
Parsivel disdrometers, several other problems and issues
have arisen, such as limitations in measuring very small
or very large drops because of noise and small catching
area, respectively, or the existence of ‘‘margin fallers’’
(cf. Jaffrain and Berne 2011; Raupach and Berne 2015;
Yuter et al. 2006; You and Lee 2015). Most notably,
Battaglia et al. (2010) have discussed the problems when
dealing with solid precipitation.
All the potential error sources contribute to increase
the uncertainty in determining the PSD, which is a must
for precise quantification of the hydrological cycle.
However, no experiment has been devised to specifically
address the issue of how large the measuring area of a
disdrometer has to be for a reliable estimate of pre-
cipitation parameters.
As part of Spain’s contribution to the ground valida-
tion segment of the NASA–JAXA GPM mission, an
experiment was designed to elucidate the extent of the
bias due to the limited area of the disdrometers. Themain
novelties of the experiment presented here are the actual
setup, with very close separations between the instru-
ments, and the number of identical instruments employed
to address the research question.
2. Data and methods
a. Setup
Sixteen identical Parsivel-1 disdrometers were used
for the experiment. Using the same type of instrument is
important to rule out confounding factors in the analyses
(Tokay et al. 2013, 2016).
The disdrometers were aligned and carefully leveled
so they presented the same cross section to falling rain.
The instruments were calibrated at the factory by the
manufacturer, but an additional check was performed
upon arrival at the University of Castilla–La Mancha
(UCLM) by dropping dielectric spheres of several sizes
through the center of the laser beams to make sure the
instruments were capable of detecting the size.
To minimize the spatial decorrelation with distance
(Berne et al. 2012; Tapiador et al. 2010; Tokay and
Bashor 2010), the disdrometers were placed as close as
possible within a ;6m2 area (Fig. 1). For such small
distances, the spatial decorrelation is negligible for the
purposes of the experiment [see the results in Tapiador
et al. (2010)] and turbulence is assumed to equally affect
all the instruments; the same applies to the individual
instrument error factor. Figure 1 shows two additional
FIG. 1. Setup of the experiment: 18 laser disdrometers collocated
as close as possible (Toledo, Spain). The instruments at the center
are two Parsivel-2 instruments that were not used for this experi-
ment. The two Parsivel-1 instruments most uncorrelated with the
rest were not used for the calculations, resulting in the experiment
based in 14 disdrometers.
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Parsivel, version 2 (Parsivel-2), instruments that were
located at the center of the array, but these were not
used for this experiment.
Direct readings every minute from the disdrometers
were converted into two-dimensional histograms of di-
ameter and terminal speed. Data were then accumu-
lated to a standard 5-min accumulation period and
filtered for spurious readings.
Toledo’s climate is semiarid (about 342mmyr21),
which makes precipitation a precious resource. Maxi-
mum precipitation accumulations are in May and De-
cember. The aridity represents a challenge for building a
database with statistically representative case studies,
as a large part of the total rain comes from brief and
scattered episodes across the year.
b. Filtering
The data were filtered in 2016 with the latest version
of NASAGPMquality control software, as follows. This
ensures homogeneity of the database with other exper-
iments within the GPM mission. Parsivel disdrometer
raw output is the drop counts Ci,k at 32 size bins i and 32
fall velocity bins k. The raindrop concentration at a
given size bin i [Eq. (1)] is the ratio of drop counts across
all fall velocity bins divided by period of observations t,
cross-sectional area, measured fall velocity yk, and bin
width DDi. Given the fact that the laser beam is 180mm
long and 30mm wide, there is a possibility of partially
observed drops. To count these margin fallers accu-
rately, cross-sectional area is calculated as a function of
drop size A(Di) 5 180(30 2 D/2) (Jaffrain et al. 2011):
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Parsivel raw output can be retrieved at 10 s as being the
highest temporal resolution. Traditionally, the DSD is
calculated at 1-min interval. The small drops reach
their terminal fall speed quite rapidly, and it is chal-
lenging to distinguish the ‘‘real’’ drops from secondary
drops that are basically splash from the two concave-
down helmets of the instrument. A size versus fall ve-
locity binary matrix is used to distinguish the secondary
drops from real drops (Fig. 2). The matrix also allows
discarding anomalous readings such as insects, leaves,
and other particles. The in/out area is based on the
Atlas et al. (1973) expression for terminal velocity at
ground level: y(D)5 9652 1030 exp(26D), with y(D)
inmeters per second andD in centimeters.As comparison,
the curve of Atlas and Ulbrich (2000), y(D)5 3:78D0:67
(D in millimeters), is also shown.
The data were then filtered again so only those in-
tervals with at least 10 drops in all the instruments were
kept. This avoids having rain in just one part of the
array, a situation that can happen at the beginning and
end of rainy episodes. For reference, the product from
the process is tagged as the ‘‘UCLM disdrometer data-
base v3.0.’’ This 2016 database supersedes and replaces
previous versions of UCLM’s disdrometer data.
c. Processing
Four cases were selected corresponding to 21 April,
7 May, 6 June, and 7 June 2011. Figure 3 shows the
rainfall time series. After processing, data from 16 dis-
drometers were cross correlated to detect systematic
anomalous readings. It was found that two instruments
yielded different measurements from the other 14 in
terms of cross correlation for integral parameters, so the
data from those were removed. Further processing was
done with the data of the remaining 14 instruments
(12 in the case of the June data).
The variables of interest were derived from
p(D)5 n(D,A, t), (2)
where p(D) is the PSD as a function of drop diameterD,
area of measurement A, and time instant t, and from
Ma(A, t)5 
D
Dap(D)DD , (3)
which are the moments of order a of the p(D). From
Eqs. (2) and (3), the rain rate R5M3:67, the equivalent
FIG. 2. Matrix used to filter the raw disdrometer data, featuring
Atlas et al. (1973) and Atlas and Ulbrich (2000) relationships for
terminal velocities as a function of raindrop diameter. Drops out-
side the shaded area are discarded.
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radar reflectivity Z5M6, the mass-weighted drop di-
ameterDmass5M4/M3, and themaximumdiameterDmax
is the maximum value of D within the distribution. No
parametric form was assumed for deriving the integral
parameters in order to make the results independent
from functional forms of the PSD such as the gamma
distribution.
To simulate different measurement areas we con-
sidered variable sets of disdrometers within the ;6m2
measuring area. Each set describes a possible ar-
rangement of the considered disdrometer, and it is
made up by a group of r disdrometers (regardless of
how they are positioned within the experimental area)
among the total of m working instruments (see Fig. 4
for a toy example). The total number of set (or ar-
rangements) is found to be, from basic combinatory
analysis,
Cmr 5 ðm r ÞT ,
which is the number of combinations without repetition.
Therein, in our case,m5 14 and r is variable from 1 tom,
leading to a total of 16369 arrangements (91 for r 5 2
instruments, 3432 for r5 7, and so on). Each arrangement
of r disdrometers corresponds to a simulated measure-
ment areaAS equal to (AS5 rAD), whereAD is the actual
measurement area of the disdrometer (AD 5 54 cm
2 in
the case of Parsivel disdrometers).
The processing was as follows: every possible ar-
rangement of, say, r disdrometers was treated as a single
disdrometer of r-times 54 cm2 area. In other words, any
drop coming from any of the r disdrometers was treated
as a drop in an r-times 54 cm2 single disdrometer and
processed as such. Repeating the procedure for all the
possible combinations yields ð n r ÞT equivalent mea-
surements of the r disdrometers. The statistics from such
an ensemble are thus considered as the nominal values
that would be measured by an r-times 54 cm2 synthetic
instrument.
An example will clarify the method. For 3 disdrometers
takenout of 14, there are 364possible arrangements, that is,
ð 14 3 ÞT, so, for instance, the (3, 11, 14) combination. The
data for each one of these arrangementswere processed for
calculating theR,Z,Dmass, andDmax for a 543 3cm
2 area.
FIG. 3. Time series of rain for the four cases used for the experiment.
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The same was done for any number of disdrometers. Thus,
for 10 disdrometers, there are 1001 possible arrangements,
for example, the (1, 2, 4, 6, 7, 10, 11, 12, 13, 14). The re-
sulting R, Z, Dmass, and Dmax from each one of the ar-
rangements are thus members of a population of 1001
members. The statistics of such an ensemble, chiefly the
mean value, represent what would bemeasured by a single
disdrometer of 540cm2 area.Note that this procedure is not
at all equivalent to combining the statistics of processed
data from individual disdrometers.
More formally, let n(D, Ari , t) be the PSD as a
function of drop diameter D, simulated area of mea-
surement of the ith arrangement when k instruments
are considered (A5Ari ), and time instant t. Let
Ma(Ari , t)5DDan(D, Ari , t)DD be the moment of or-
der a of n(D, Ari , t), and let M
a(Ari , Dt) be the time av-
erage ofMa(Ari , Dt) over the periodDt. Thus, for k from 1
to m, we have a set of m different values for the mea-
surement area, and for each of themwe have a distribution
of Ma(Ari , Dt). The latter explains the different com-
binations of the position of r disdrometers that produce
the same measurement area. The quantity Ma(Ari , Dt)
for r 5 1, . . . , 14 is that used to calculate Z, R, Dmass,
and Dmax.
3. Results
Figure 5 synthetizes themain results of the experiment.
It shows PSD estimates as a function of the number of
disdrometers used for deriving them. The plot thus il-
lustrates how the estimates of the PSD parameters de-
pend on the area of measurement.
The value in the setup of 14 disdrometers, that is, the
value of the largest possiblemeasurement area (756cm2),
is taken as the reference. Such number acts as the
nominal value of the experiment for each variable in-
sofar as it represents the best possible guess given
the instruments available, and therefore a reference for
FIG. 4. Toy example to illustrate the processing. All the possible combinations ofm5 4 disdrometers are used to deriveDmax (diameter of
the largest drop) andM3 (proportional to rain) for just two sequential and highly correlated PSDs at time instants T1 and T2. The temporal
mean derived from each individual arrangement of r instruments is then compared with all theCr45 ð 4 r ÞT arrangements (box plots on the
right). The actual experiment used m 5 14 disdrometers and several hundreds of 1-min intervals of real precipitation.
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the rest of the setups. The boxplots represent the dis-
persion of the ensemble for each number of instruments
taking into account all the possible combinations of each
number of disdrometers. For the only possible combination
of all the instruments, the dispersion is obviously null.
There is a common pattern in Fig. 5 for the key variables
reported here: Z, Dmass, Dmax, and R. As the number of
instruments and thus the simulated measurement area in-
creases, the dispersion seems to stabilize after a stepped
slope. Thus, for Dmax, the mean of all the possible one-
disdrometer setups yields relatively large spreads. As the
number of disdrometers grows, the dispersion reduces and,
more importantly, the nominal estimate of Dmax starts to
converge.When the number of disdrometers reaches 7, the
tendency stabilizes and little variation follows. Further in-
crease in the number of disdrometers reduces the spread,
but the value of the variable is already stable enough to
conclude asymptotic convergence to the reference value.
4. Conclusions
The results of the experiment indicate that a mea-
suring area of at least 378 cm2 is required to minimize
the sampling effect in the estimation of radar reflectivity
and drop size parameters with laser disdrometers. This
value is a minimum, and repeating the experiment in
other climate regimes, locations, and seasons may yield
different values. While in this case seven disdrometers
sufficed to emulate a larger setup of 14 collocated in-
struments, in some other cases the number of instru-
ments to achieve convergence may vary. However, the
present experiment yields a lower limit that can only be
increased (not lowered, as there is one case requiring at
least seven instruments).
While it is always recommended using at least two in-
struments to quality check the results, most laser dis-
drometers operate in isolation. But even for dual setups,
most of the disdrometric estimates in the literature
present a known error due to the limitedmeasuring area of
the instrument. This is something that can be easily verified
with experiments such as the one described here. Under
the light of the results in this paper and on top of other
corrections, the estimates from a single disdrometer should
be corrected to avoid under-/overestimation of precipita-
tion moments and integral parameters over the area of
which the instrument is supposed to be representative.
Errors larger than 70% can be found in the moments
of the distribution. Instantaneous rainfall rate, which is
critical for hydrological studies, is likely to be always
severely underestimated by a single disdrometer. In the
case of Dmass and Dmax, the tendency is also to under-
estimate the actual value. This is sensible, as large drops
are relatively less frequent in time andmore scattered in
space and are therefore more unlikely to be found
crossing a small area than small- and medium-sized
drops. By missing many large drops (lower Dmax), the
FIG. 5. Estimates of Z,Dmass,Dmax, and R as a function of the number of disdrometers used for deriving the parameters, for four cases.
The reflectivity is not corrected by area to illustrate such effect. The box plots represent the dispersion of the ensemble of combinations for
each number of instruments, taking into account all the possible combinations (without repetition); the short dashes are the extremes; the
square is the mean; crosses are the 99% and 1% ranges; the box range is the 25 and 75 percentiles; and the range of the whiskers indicates
outliers with a 1.5 coefficient. The horizontal lines inside the boxes represent the medians.
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whole PSD shifts to the left and that results in lower
Dmass, and therein in an underestimation of R and Z.
New experiments using a similar setup as the one de-
scribed can help to correlate the errors with precipitation
regimes and/or rainfall intensity, increasing the number
of disdrometers required from the seven suggested in this
paper. In any case, it is clear that a single disdrometer
cannot provide a suitable instantaneous estimate of the
hydrological variables of interest.
The same applies to rain gauges as the catching area of
these instruments is similar. As a rule of thumb, the es-
timates of instantaneous rainfall rate from a single in-
strument can be off by about 70%. The observation has
immediate consequences in terms of validation and ver-
ification of weather and climate models with rain gauges
and can help explain the discrepancies found between
satellite- and ground-based precipitation estimates.
To conclude, it is worth mentioning that the setup
is intended to carry out a ‘‘Gedankenexperiment’’ (thought
experiment), and not to suggest actually building a mega-
disdrometerwith a sampling areaof 756cm2or larger.Even
if technological constraints would allow such instrument to
bebuilt, the larger number of drops simultaneously crossing
the laser is likely to make outputs less reliable given the
operational principle of laser disdrometers.
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